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Photoluminescence of Single InAs Quantum Dots Obtained by Self-Organized Growth on GaAs
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We present photoluminescence data on InAs quantum dots grown by molecular beam epitaxy on
GaAs. Through the reduction of the number of emitting dots in small mesa structures, we evidence
narrow lines in the spectra, each associated with a single InAs dot. Beyond the statistical analysis
allowed by this technique, our results indicate short capture and relaxation times into the dots. This
approach opens the route towards the detailed optical study of high quality easily fabricated single
semiconductor quantum dots.

PACS numbers: 71.50.+t, 73.20.Dx, 78.55.Cr

Low dimensionality semiconductor structures constitute
very attractive objects both for their fundamental proper-
ties and their potential applications in micro- and optoelec-
tronics. While quantum well structures are already widely
used in optoelectronic devices, quantum wires and quan-
tum dots appear to be much more difficult to fabricate for
this purpose [1]. Though the observations of low tempera-
ture photoluminescence (PL) on a single quantum dot [2]
or of an isolated short wire [3]were recently reported, most
results concern so far collections of objects with large Auc-

tuations of sizes, which both restrains drastically the inter-
est for applications and mask the influence of their intrinsic
properties. In the case of quantum dots, besides the tech-
nological difficulties of their fabrication, fundamental limi-
tations as the slowed down relaxation between confined
states [4—8] were theoretically predicted. They are, how-

ever, difficult to study on an inhomogeneous collection of
dots, while the fabrication and experiments on a single dot
still constitute a challenge. In Ref. [2], the multiple lines
detected in the PL spectrum of a single dot fabricated by lo-
cal intermixing were interpreted in terms of emission from
confined excited states. However, due to the fabrication
process, the interpretation of the details of the PL spectra
for various dot sizes appears to be very difficult. In this
Letter, we demonstrate the validity of an alternative ap-
proach to observe high quality single InAs/GaAs quantum
dots, similar in spirit to the methods used to study the opti-
cal properties of single molecules [9]. Because of the large
calculated energy distance between confined levels, such
single dots constitute idea1 objects for studying relaxa-
tion phenomena.

It was indeed shown several years ago that the growth
of a highly lattice mismatched semiconductor layer onto
a substrate could lead to the spontaneous formation
of semiconductor clusters with sizes in the quantum
range. Such a situation was in particular observed in the
InAs/GaAs [10—16] (7% mismatch) and InGaAs/GaAs
systems [17,18]: When an InAs layer is deposited on

a GaAs substrate, the growth is first obtained with
a bidimensional (2D) mode and, beyond a limit of
the order of 1.7 InAs [11,16] monolayer (ML), InAs
islands are nucleated on the surface. If the growth is
interrupted, these islands evolve and a quasiequilibrium is
reached after typically 10 s [19]. This quasiequilibrium
distribution could be studied by atomic force microscopy
(AFM) [20]: The nucleated islands are small InAs square
based pyramids (2.8 nm high, base dimension around
24 nm with a relative fluctuation of 15' for an InAs
amount of 1.8 ML), laying on one 2D InAs layer. The
typical center to center interisland distance is of the order
of 55 nm. The angles of the pyramid merely depend on
its size and correspond on the average to (410) limiting
planes [20]. If the growth proceeds with GaAs deposition,
one obtains InAs clusters which are free of nonradiative
defects, as shown in previous studies [11]. These objects
constitute local potential wells for electrons and holes and
exhibit an efficient photoluminescence. From the point
of view of their size and crystalline quality, these InAs
clusters are ideal quantum dots and their size fluctuations
are very small, as compared to the state of the art of
artificial dots. We clearly evidence in the following the
infIuence of the statistical distribution of their sizes on the
PL, and observe for the first time the emission of single
such quantum dots.

The samples were grown by molecular beam epitaxy at
520'C. Sample A (B) consists of a (100) GaAs substrate
onto which a 500 nm GaAs buffer layer was first deposited,
followed by a 2.2 ML (1.7 ML) deposition of InAs, and
a 100 nm GaAs cap layer. Both samples contain InAs
clusters and are further processed using e -beam lithog-

raphy to remove the InAs clusters except in mesas. Those
square mesas with a side of 5000, 2000, 1000, 500, 200,
and 100 nm are insolated in polymethylrnethacrylate using
a JEOL 5DIIU machine, transferred to a Ni mask using a
standard lift-off procedure and etched using SiC1& reactive
ion etching. The distance between mesas is 15 p.m.
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FIG. 1. 10 K PL spectrum of a 5000 nm mesa in sample A.

The cw photoluminescence spectra were obtained using
a Ti sapphire tuneable laser, pumped by a Ar+ ion laser.
The laser beam is first cleaned by a prism monochro-
mator and focused through a microscope objective onto
the sample situated in a circulation He cryostat. The
spot diameter is 2 p, m and the power density around
1 kW/cm . The PL signal is collected through the same
microscope objective, dispersed by a double 1 m focal
length monochromator and detected by a photon count-
ing system based upon an avalanche Si photodiode.

Figure 1 shows the 10 K PL spectrum of a 5000 nm
mesa of sample A, with an excitation energy of 1.5 eV.
This emission is typical of InAs clusters [11]. Its limited
full width at half maximum (50 meV for both samples) re-
sults from a careful optimization of the growth conditions.
It is attributed to an inhomogeneous distribution of clus-
ter sizes and the emission line can be fitted by a Gaussian
curve (standard deviation o. = 25 meV).

In order to calculate the dots' energy levels, we
assume that GaAs overgrowth affects only the top InAs
island monolayer through indium segregation effects,
consistently with what was evidenced on 2D InAs/GaAs
structures [21]. However, the size of the InAs islands
is smaller than what is observed by AFM, due to the
quenching of their evolution by the GaAs deposit. We
nevertheless assume that they already have a pryamidal
shape with the same base angle at the early stage of their
formation, and this is our main approximation.

Figure 2 shows the low temperature calculated energies
of the lowest energy transitions for the InAs clusters, in
a simple effective mass treatment, of which a detailed
presentation is beyond the scope of the present Letter.
Basically, we approximate the pyramid by a cone of axis
Z, with the same base surface and height. We include
the effect of the indium segregation at the InAs/GaAs
interface [21] during the GaAs overgrowth by spreading
the top InAs ML with an exp( —Z/L) profile (L = 1.1 nm)
and assuming for the In(Ga)As layer the same strain state
as for the 2D case. This latter approximation is justified
because the clusters have a very flat shape. Finally, the
nonseparable Hamiltonian is diagonalized numerically for
electrons, heavy holes, and light holes. The calculated
transitions can be shown to be, for a given extension of
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FIG. 2. Low temperature calculated fundamental and first
excited transitions as a function of the radius r of the InAs
cluster whose schematic structure is shown in the inset, for
d = 0.33 nm (e-hh: —;e-lh: ——), d = 0.66 nm (e-hh: ---;
e-lh: . ) and a cone base angle of 12.4'.

the potential on the Z axis and a given InAs volume,
quite insensitive to the detailed shape of the cluster. The
calculation whose results are displayed in Fig. 2 was done
assuming that the clusters are lying onto a 1 or 2 ML
uniform InAs layer. Note that, as shown schematically in
the inset of Fig. 2, the radius indicated on the abscissa
takes into account this underlying layer, and that we
refer to the geometry of the islands prior to the GaAs
overgrowth. At low r values, the fundamental transition
energy tends to the band gap energy of an InAs quantum
well of thickness d. At larger r values (r ) 8 nm), the
first states are strongly localized in the central part of the
clusters so that this transition energy does not depend on
d. This will allow us to determine the dots' radii from
their emission energies.

The calculated energies can be compared with experi-
mental data for quasiequilibrium distributions of dots
where the islands' radii (and shape) are known from
AFM. Such dots grown with a 1.8 ML InAs deposit and
a 20 s growth interrupt before GaAs overgrowth emit at
1.07 eV at 10 K. From Ref. [20], r = 13.5 nm for these
islands so that the calculated first and second transition
energies are, respectively, 1.06 and 1.211 eV. Besides
validating our calculation, this result clearly indicates that
the PL peak corresponds to the fundamental transition.

The comparison of the experimental emission energies
of sample A (B) with the calculated values yields r =
9.5 nm (8 nm) and h = 2.1 nm (1.8 nm). For these
parameters, there is only one electron, one light hole, and
one heavy hole level bound in the dot for d = 2 ML. For
d = 1 ML, a second electron (and heavy hole) state is
marginally bound in the dot. The standard deviation in
r is 0.5 nm. This figure, significantly smaller than that
deduced by AFM in the equilibrium case, is impressive
when compared to state of the art artificial dots.

Figure 3(a) shows the typical PL spectra of a 500 nm
mesa obtained on sample A. Whereas the spectrum
displayed in Fig. 1 could be nicely fitted by a Gaussian,
we resolve in this spectrum a forest of narrow lines.
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Figure 3(b) shows a blow up of this spectrum in a narrower

energy range. The narrowest lines have a full width at
half maximum smaller than the 0.1 meV resolution of our
experimental setup. About 90 peaks can be counted in
this particular spectrum. We checked carefully that the
peaks positions are reproducible, independent of the laser
energy, and change from one mesa to the other. We
also studied on some of the more intense transitions the
evolution of their energies with temperature between 5
and 90 K: They decrease with temperature, with variations
intermediate between the very similar InAs and GaAs
band gap dependences. Finally and contrarily to what
is reported in Ref. [2], we cannot attribute several peaks
to different optical transitions of a given cluster. All
of them are indeed observed in a 80 meV energy range,
smaller than the calculated energy separation between
the first two transitions shown in Fig. 2. We therefore
attribute each of these peaks to the emission of a specific
InAs cluster. The evolution (not shown) between the
spectra of 5000 nm mesa displayed in Fig. 1, in which
the reproducible structures are already due to the limited
number of emitting dots, to the spectrum of Fig. 3 is
consistent with the reduction of the average number of
transitions per unit energy as the total number of clusters
in the studied mesa decreases.

In order to corroborate our interpretation, we have
analyzed in detail the statistics of the peaks of the
spectrum displayed in Fig. 3. Though there are large
fluctuations of their intensities, the density of peaks per
unit energy (regardless of their intensity), estimated by
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FIG. 3. (a) 10 K PL spectrum of a 500 nm mesa in sample A.
(b) is a blow up of a part of the spectrum displayed in (a).
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FIG. 4. Number of peaks per unit energy observed in the
spectrum of Fig. 3 (full line) compared to the estimate from
the Gaussian fit of the spectrum of Fig. 1 (broken line).

a floating average over 10 meV, reasonably follows the
Gaussian curve deduced from the spectrum of Fig. 1,
as can be seen in Fig. 4. Finally, on most 200 nm
mesas of sample B, less than 10 peaks were observed as
shown in Fig. 5. Figures 5(a)—5(c) are spectra obtained
on different such mesas, whereas Fig. 5(d) was obtained

by adding the spectra obtained on 20 different 200 nm
mesas. This latter spectrum reproduces satisfactorily the

typical density of peaks observed for larger mesas.
All these results are consistent with the assignment of

the observed narrow transitions to PL lines each associated
with a single cluster. These spectra also allow us to
get a deeper insight into the cluster formation. As we
observe about 100 peaks for a 500 nm mesa, we can
deduce a typical surface occupied per cluster around 5 =
50 x 50 nm . This figure is very close to what is observed
for "equilibrium" islands by AFM [20] so that the density
of islands is likely to be fixed at the earliest times of their
formation. This result suggests the following picture for
the islands' formation: When evolving during a growth
interrupt towards quasiequilibrium, the primary (quickly
formed) islands grow in size at constant number at the

expense of the 2D InAs layer. This is corroborated by the
small variation (55 to 61 nm) of the interisland distance
for a large increase of the InAs deposited amount (1.8 to
3.6 ML) reported in Ref. [20]. For sample A, where the
InAs was deposited in 1 s and immediately overgrown by
GaAs, the evolution of the islands is efficiently quenched
when they are still in an early stage.

Knowing the size of the clusters (PL peak energy)
and their density (number of peaks in a given mesa)
which both do not depend on the average thickness d of
the underlying 2D InAs layer, we can extract this latter
parameter by writing the conservation of the total amount
of InAs. It would correspond to 2.1 ML for sample A.
Unfortunately, this determination of the average value
of d does not give us the spatial distribution of the
underlying layer. AFM shows that the thickness of this
film is inhomogeneous and corresponds to roughly 1 ML
in the vicinity of "equilibrium" islands. The existence
of this underlying InAs film explains the observation of
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semiconductor quantum dots. Among those, it will be im-

portant to check experimentally the microscopic structure
of the dots and to detect by PL excitation the transitions
between excited levels, if any. Finally, time resolved ex-
periments on larger clusters with several bound electron
and hole levels should allow us to deepen our understand-

ing of energy relaxation in quantum dots.
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FIG. 5. (a), (b), and (c): 10 K PL spectra of three different
200 nm mesas of sample B. (d) sum of 20 spectra recorded on
different such mesas.

intense PL signals with an excitation energy of 1.5 eV
(used for all our experiments), below the GaAs band gap.
This energy is above the fundamental transition energies
calculated for 1 and 2 ML thick InAs quantum well in
GaAs: Most carriers are created in a quasi-2D InAs layer
and are further captured into the clusters. By varying
the laser energy from 1.45 to 1.52 eV, we observed that
the onset of PL of the individual lines observed in the
spectrum of sample A is around 1.46 eV, closer to the gap
of a 1 ML InAs quantum well. While the fundamental
levels are not sensitive to the local environment of this
InAs film, the first excited levels are, so that a more
detailed microscopic study of the dot is necessary to know
whether there are several bound states in those dots or not.

In any case (d = 1 or 2 ML), there is a calculated
distance of at least 94 meV (54 meV) between the lowest
electron (heavy hole) level and the first excited level for
the average cluster of sample A. These figures are much
larger than the longitudinal optical (LO) phonon energy
in GaAs (36 meV). At the present time, the existing
theoretical models [4—8] fail to explain the high PL
efficiencies and short PL rise times [19] (in unprocessed
samples) which we observe.

To summarize, we have observed the low temperature
PL of single InAs clusters embedded in GaAs in samples
where small mesa structures were designed by nanolithog-
raphy. The statistics of the energies of these emissions in
such small mesas are consistent with the spectra observed
on unprocessed samples or large mesas. From the com-
parison with our calculations, we deduce a very homoge-
neous distribution of cluster sizes, as compared to state
of the art artificial fabrication techniques, and get new in-
sight into the formation of InAs clusters. These objects
constitute very attractive test systems for the electronic
properties of quantum dots because of their relatively easy
fabrication, of their intrinsic regularity of size and of the
large spacing between electronic levels as compared to
room temperature thermal energy and to the LO phonon
energy. Beyond these first observations, numerous addi-
tional experiments are still to be performed on these single
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